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Abstract
A state-of-the-art 3+1 dimensional cascade + viscous hydro + cascade model vHLLE+UrQMD has been applied to
heavy ion collisions in RHIC Beam Energy Scan range
√
sNN = 7.7 . . . 200 GeV. Based on comparison to available ex-
perimental data it was estimated that an effective value of shear viscosity over entropy density ratio η/s in hydrodynamic
stage has to decrease from η/s = 0.2 to 0.08 as collision energy increases from
√
sNN = 7.7 to 39 GeV, and to stay at
η/s = 0.08 for 39 ≤ √s ≤ 200 GeV.
In this work we show how an equation of state with first order phase transition affects the hydrodynamic evolution
at those collision energies and changes the results of the model as compared to “default scenario” with a crossover type
EoS from chiral model.
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1. Introduction
The goal of ongoing Beam Energy Scan (BES) program at RHIC facility and future experimental pro-
grams at GSI FAIR and JINR NICA is to explore the high-µB region of phase diagram of QCD matter and
the phase transition from hadron gas to quark-gluon plasma by colliding heavy nuclei at different energies.
Following the success of hydrodynamic description of heavy ion reactions at full RHIC and LHC en-
ergies, we have reported on creation of a state-of-the-art viscous hydro+cascade model and its application
to heavy ion collisions in the BES collision energy range [1]. In the context of this model, reproduction of
available experimental data requires a finite collision energy dependent shear viscosity over entropy density
ratio η/s in the hydrodynamic stage. This ratio was found to decrease from η/s = 0.2 to 0.08 as collision
energy increases from
√
sNN = 7.7 to 39 GeV, and to stay at η/s = 0.08 for 39 ≤ √s ≤ 200 GeV. The
found collision energy dependence of the effective η/s indicates that the physical η/s-ratio may depend on
baryochemical potential, and that η/s increases with increasing µB.
However, only one version of the equation of state (EoS) was used throughout the analysis in [1], namely
the chiral model EoS [2]. The question remains: how sensitive the obtained results are to the hydrodynamic
EoS and whether it is possible to discriminate between EoSs using experimental data. In this work we show
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Fig. 1. Pressure as a function of energy density at zero baryon density, for the two EoSs used in the simulations: chiral model EoS
(solid curve) and EoS Q (dashed curve).
sensitivity of hadronic observables in RHIC BES collision energy range to the choice of the equation of
state (EoS) in the fluid stage.
2. The equations of state in the viscous hydro+cascade model
Since the model has been described in detail in Ref. [1], we summarise here its main features only. The
initial stage of evolution is described with UrQMD cascade [3, 4]. At a hypersurface of constant Bjorken
proper time τ =
√
t2 − z2 = τ0 the system is fluidized, i.e. the energy and momentum of individual hadrons
are converted into energy and momentum of fluid. The τ0 is a parameter of the model. At lower RHIC
BES energies its value is set to the time when all initial nucleon-nucleon scatterings have happened. The
hydrodynamic stage which follows is modelled with a 3+1 dimensional numerical solution of relativistic
viscous hydrodynamics in Israel-Stewart framework using recently developed vHLLE code [5]. Particlization
is set to happen when energy density  = sw is reached. The following hadronic stage is described again
with UrQMD cascade.
It is worth to note that at BES collision energies local baryon or charge densities can be large. Therefore
a consistent hydrodynamic description requires an EoS which is defined at all physical energy/baryon den-
sities. Presently we have only two such EoSs at hand. One is the chiral model EoS (CM EoS), used in our
previous analysis, whereas another is so called “EoS Q” [6].
The chiral model (CM) EoS has correct asymptotic degrees of freedom at the high and low temperature
limits – quarks and hadrons – and is in qualitative agreement with lattice QCD results at µB = 0. However,
deconfinement transition appears in it as a (wide) crossover where medium modified hadrons coexist with
free quarks. The crossover happens at all values of baryon chemical potential.
The EoS Q comprises hadron resonance gas (HG) and quark-gluon plasma (QGP) phases. HG phase
is constructed from contributions of hadron resonances with masses up to 2 GeV and includes repulsive
interactions via a mean-field potential. QGP phase is described as an ideal gas of massless quarks and
gluons inside a large bag with bag constant B. The value of the latter is taken to be B1/4 = 230 MeV. The
two phases are matched via Maxwell construction, which results in first order phase transition between the
phases also at all values of baryon chemical potential. With the given value of the bag constant the transition
temperature is Tc(nB = 0) = 164 MeV at zero baryon density.
The particlization (transition from fluid to individual hadrons) is set to happen at fixed energy density
sw = 0.5 GeV/fm3 for both EoS scenarios. At this energy density the system is firmly on the hadronic side
for both EoS. We apply conventional Cooper-Frye prescription for hadron distributions on the particlization
hypersurface:
p0
d3Ni(x)
d3p
= dσµpµ f (p · u(x),T (x), µi(x)), (1)
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Fig. 2. Longitudinal proper time distribution of hadrons sampled at particlization surface (left) and their last interaction points (right).
All distributions correspond to midrapidity region of 20-30% central Au-Au collisions at different collision energies, simulated with
CM EoS (solid curves) and EoS Q (dashed curves) in the fluid phase.
where the phase space distribution function f is taken to correspond to free hadron resonance gas close to
local equilibrium with non-equilibrium corrections proportional to the shear stress tensor:
f = feq(pνuν;T, µi)
[
1 + (1 ∓ feq) pµpνpi
µν
2T 2( + p)
]
. (2)
Such distribution function is inconsistent with mean fields included in hadron phase of both EoS used in fluid
phase. Therefore we recalculate the energy density, pressure, flow velocity uµ, temperature, and chemical
potentials from the ideal parts of the energy-momentum tensor and charge currents using a free hadron
resonance gas EoS and use these values to evaluate the particle distributions on the switching surface.
3. Results and conclusions
To set up the calculations for the Beam Energy Scan range we take collision energy dependent values of
the parameters of the model, used to approach the experimental data with CM EoS. Then we perform two
sets of simulations: with CM EoS and EoS Q respectively. First of all we like to see how the hydrodynamic
evolution itself is affected by the choice of the EoS. It is difficult to compare individual hydro evolutions
with irregular initial conditions and different EoSs. Therefore we visualise the effects of the change of the
EoS by using the event-averaged proper time distributions of the hadrons sampled at particlization surfaces,
see Fig. 2, right. From the plot one can find that EoS Q results in longer average duration of the particle
emission. This implies that the average duration of the fluid stage (which is defined as a space-time region
where τ > τ0 and  > sw = 0.5 GeV/fm3) is longer. Also, the relative change in the average duration of the
fluid stage increases with decreasing collision energy and is maximal for lowest collision energy simulated,√
sNN = 7.7 GeV. We assume that the prolongation is the effect of the mixed phase in EoS Q, since at higher
energy densities it is even harder than CM EoS, see Fig. 1.
However, after being sampled at the particlization surface, hadrons decay and rescatter in the cascade.
From Fig. 2, left, one can see that the resulting proper time distributions of the last interaction points of
hadrons are much wider than the distributions of points of their creation, and differences between the two
EoSs in fluid stage are largely smeared. This brings one to the question how much the EoS in the fluid phase
affects the final observables.
We found that change in EoS has no impact on the shapes of rapidity distributions of produced particles.
There is, however, some impact on the transverse dynamics of the system, which influence transverse mo-
mentum distributions of hadrons. From Fig. 3, left, one can conclude that EoS Q results in some suppression
of the average radial flow, which decreases mean pT of hadrons (larger effect for heavier protons and smaller
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Fig. 3. Mean pT of pions, kaons and protons at midrapidity (left), elliptic and triangular flow components of all charged hadrons (right)
in 20-30% central Au-Au collisions, obtained from model simulations with collision energy dependent values of the parameters and
two different equations of state in the fluid stage: chiral model EoS (solid curves) and EoS Q (dashed curves). The experimental data
points are from the STAR collaboration [7, 8].
effect for lighter pions). The largest effect is seen in the pT integrated elliptic flow, which turns out to be
suppressed in EoS Q case by the same amount for all collision energies.
In the previous analysis we have shown that elliptic flow, as well as other observables, can be varied by
varying free model parameters. Therefore it remains an open question whether it is possible to readjust the
parameters of the model in order to compensate such changes in excitation functions of the elliptic flow and
mean transverse momentum while keeping same rapidity distributions.
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